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Abstract 

Leishmaniasis is a neglected tropical disease (NTDs), endemic in 88 countries, affecting more than 12 million people. The 
treatment consists in pentavalent antimony compounds, amphotericin B, pentamidine and miltefosine, among others. 
However, these current drugs are limited due to their toxicity, development of biological resistance, length of treatment and 
high cost. Thus, it is important to continue the search for new effective and less toxic treatments. The ant\-Leishmania 
activity of sixteen semisynthetic lupane triterpenoids derivatives of betulin {BT01 to BT09) and betulinic acid {AB10 to AB16) 
were evaluated. Drug interactions between the active compounds and one current antileishmanial drug, miltefosine, were 
assessed using the fixed ratio isobologram method. In addition, effects on the cell cycle, apoptosis/necrosis events, 
morphology and DNA integrity were studied. The derivatives BT06 {3p-Hydroxy-(20R)-lupan-29-oxo-28-yl-lH-imidazole-l- 
carboxylate) and AB13 {28-{1H-imidazole-l-yl)-3,28-dioxo-lup-l,20(29)-dien-2-yl-lH-imidazole-l-carboxylate) were found to 
be the most active, with IC50 values of 50.8 i^M and 25.8 \iM, respectively. Interactions between these two compounds and 
miltefosine were classified as synergistic, with the most effective association being between AB13 and miltefosine, where 
decreases of IC50 values to 6 ^iM were observed, similar to the miltefosine activity alone. AB13 induced significant 
morphological changes, while both derivatives produced anti-proliferative activity through cell cycle arrest at the GO/Gl 
phase. Neither of these derivatives induced significant apoptosis/necrosis, as indicated by phosphatidylserine 
externalization and DNA fragmentation assays. In addition, neither of the derivatives induced death in macrophage cell 
lines. Thus, they do not present any potential risk of toxicity for the host cells. This study has identified the betulin 
derivative BT06 and the betulinic acid derivative AB13 as promising molecules in the development of new alternative 
therapies for leishmaniasis, including those involving combined-therapy with miltefosine. 
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introduction 

Over one billion people are infected by one or more neglected 
tropical diseases (NTDs). These diseases comprise a group of 
parasitic, viral and bacterial infections that affect some of the 
poorest and most marginalized populations globally. Leishmani- 
asis is one such NTD that is endemic in 88 countries, affecting 
more than 12 million people and threatening 350 million people 
worldwide. The disease is associated with an incidence of 1.5 to 2 
million cases per year, and an annual mortality rate of over 59,000 
deaths [1]. It is caused by the Leishmania species, and the disease is 
broadly classified into three different cKnical forms: visceral 
leishmaniasis (VL), cutaneous leishmaniasis (CL) and mucocuta- 
neous leishmaniasis (MCL), which differ in the pattern and clinical 
manifestations of infection. VL can be fatal if left untreated, CL is 
localized and frequendy self-heals within 3-18 months, while 
MCL leaves disfiguring scars. The parasite growth occurs through 
different morphological stages: the flagellated promastigotes 



develop in the gut of the phlebotomine sandfly female (vector), 
while the non-flagellated amastigotes develop in mammalian host 
macrophages. 

Currently, the treatment consists of chemotherapeutic agents, 
such as the pentavalent antimony compounds (sodium stiboglu- 
conate or meglumine antimoniate), polyene amphotericin B (as die 
deoxycholate salt or a liposomal formulation, AmBisome), the 
alkylphosphocholine miltefosine, aminoglycoside paromomycin 
and pentamidine [2]. AH of these are limited due to their high 
toxicity, life-threatening side-effects, cost, length of treatment and 
emergence of resistance [1,3]. Because of the limited viable 
treatment options, with few alternatives available in the pipeline, it 
is important to continue the search for new effective chemother- 
apeutics and less toxic treatments. 

The development of drug resistance is associated with mono- 
therapy regimes [3,4]. Combination therapy is one interesting 
approach to decrease this development, to reduce the duration 
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3p-Hydroxy-lup-20(29)-en-28-yl-1 H-imidazole-1 - 28-Hydroxy-lup-20(29)-en-3p-yl-1 H-imidazole-1 - 

carboxylate (BTOI) carboxylate {BT02) 




Lup-20(29)-en-3p,28-di-yl-(1 H-imidazole-1- 30-Methoxylup-20(29)-en-3p,28-di-yl-(1 H-imidazole-1- 

carboxylate) (BT03) carboxylate) (BT04) 




3p-Hydroxy-30-methoxylup-20(29)-en-28-yl-1 H- 3p-Hydroxy-(20R)-lupan-29-oxo-28-yl-1 H-imidazole- 1 - 

imidazole- 1 -carboxylate (BTOS) carboxylate (BT06) 




(20R)-Lupan-29-oxo-3p,28-di-yl-{1 H-imidazole-1- 3p-Acetoxy-lup-20(29)-en-28-yl-1 H-imidazole-1 - 

carboxylate) (BT07) carboxylate (BT08) 



J, 




28-Acetoxy-lup-20(29)-en-3p-yl-1 H-imidazole-1- carboxylate 
(BT09) 



Figure 1. Structures of betulin derivatives and lUPAC nomenclature. 

doi:1 0.1 371 /journal.pone.0089939.g001 



and cost of the treatment, and to increase the hfetime of old and 
new drugs [5,6]. Several combined treatments for visceral 
leishmaniasis have been tested with positive results, leading to a 



reduction of adverse symptoms and a shorter duration of therapy 
[7]. 
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2-Hydroxy-28-(1 H-imidazol-1 -yl)-lup-1 ,20(29)-dien- 28-(1 H-lmldazol-l -yl)-lup-1 ,20(29)-dien- 

3,28-dione {AB14) 3,28-dione (AB15) 



J, 




Methyl 3p-(1H-imidazole-1-carbonyloxy)-lup-20{29)- en-28- 
oate {AB16) 



Figure 2. Structures of betulinic acid derivatives and lUPAC nomenclature. 

doi:1 0.1 371/journal.pone.0089939.g002 



Recent pharmacological studies elicited interest in several 
molecules with activities that trigger apoptotic death in cancerous 
cells as potential antiparasitic agents [8]. In trypanosomatids, 
features suggesting programmed cell death (PCA), commonly 
named as apoptosis, have been reported in response to a wide 
range of stimuli such as heat shock, reactive oxygen species, 
antiparasitic drugs, prostaglandins, and antimicrobial peptides [9- 
1 1] . There are several reports showing that Leishmania apoptosis 
occur in response to antileishmanial drugs. The treatment with the 
pentavalent antimony Sb(V) shows a significant induction of 
caspase-like activity resulting in DNA fragmentation [12]. 
Inhibitors of respiratory chain complexes were able to induce 
apoptotic cell death on the blood stream form of Z. donovani [13]. 
Topoisomerase I poison camptothecin, promotes protein-DNA 
cleavable complex formation leading to apoptosis-like cell death in 
Leishmania donovani [14,15]. MUtefosine, the latest antileishmanial 



drug introduced in the market and the first effective oral treatment 
of VL, was initially developed as an anticancer drug [16] and 
induce apoptosis-like cell death in Leishmania donovani [17]. All these 
findings point the importance of testing known anticancer agents 
against Leishmania due of its potential to inducing parasite death. 

Triterpenoids in general, and particularly betulin and its 
derivative betulinic acid, show antitumor [18-20], anti-inflamma- 
tory [21,22], antiviral [19,23,24], antibacterial and antimalarial 
activity [25,26]. There are few studies in literature reporting the 
activity of betulin and betulinic acid derivatives in Leishmania. 
Alakurtti and collaborators [27] determined the activity of 
heterocyclic betulin derivatives on Leishmania donovani amastigotes 
and Dominguez-Carmona and collaborators [28] found activity 
against promastigotes of i. amazonensis of betulinic acid acetate and 
of betulinic acid methyl ester. 
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Previously, a series of new imidazole carboxylic esters (carba- 
mates) and N-acylimidazole derivatives of betulin and betulinc 
acid have been synthesized and were showed to have cytotoxicity 
activity against human cancer cell lines HepG2, Jurkat and HeLa 
[29]. This cytotoxicity was related with apoptosis mechanisms 
associated with caspases signalling and DNA topoisomerases 
inhibition [30,31]. These results prompt us to evaluate their 
potential activity on Leishmania. We studied the susceptibility of 
Leishmania infantum to sixteen betulin and betulinic acid derivatives, 
together with the interactions between the most active compounds 
and mUtefosine. Additionally, we have undertaken other assays to 
demonstrate the safety of the triterpenoid compounds for 
mammalian cells, and to elucidate the mechanisms of action 
involved in the leishmanicidal activity. 

Materials and Methods 

Chemicals and reagents 

RPMI-1640 Medium, Phosphate Buffered SaUne (PBS), 3-(4,5- 
diniethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), 
dimethylsulfoxide (DMSO) were obtained from Sigma-Aldrich 
Co. Fetal bovine serum (FBS) was purchased from Gibco- 
Invitrogen. 

Drugs and inhibitors 

MUtefosine was obtained from Sigma Chemical Co. (St. 
Louis,USA). The nine derivatives of betulin (Figure 1) and the 
seven betulinic acid derivatives (Figure 2) used in this study were 
previously synthesized as part of a large hbrary of compounds for 
potential antitumor evaluation [29]. The stock solutions (10 mM) 
derivatives of betulin and betulinic acid were prepared in 
dimethylsulfoxide (DMSO) and stored at — 20°C. A stock solution 
of mUtefosine (10 niM) was prepared in deionizer water and stored 
at 4°C. Final DMSO concentration (1 %) had no effect on parasite 
clearance. 

Parasites and cultures 

Promastigote forms of Leishmania infantum NicoUe (zymodeme 
MON-1) were maintained at 26°C with weekly transfers in 
HEPES (25 mM)-buflFered RPMI 1640 medium enriched with 
10% inactivated fetal bovine serum (FBS). Log phase promasti- 
gotes were used to study the effects of the betuhn and betulinic 
acid derivatives, mUtefosine and drug combinations. 

Viability assay 

In drug susceptibility assays, stock solutions of betulin and 
betulinic acid derivatives were diluted in culture medium (RPMI 
1 640) in order to get a range of concentrations from 1 to 100 |lM. 
Log phase promastigotes oi L. infantum (2x10*^ cells.ml ') were 
incubated at 26°C for 24 h in HEPES (25 mM)-buffered RPMI 
1640 medium enriched with 10% inactivated FBS in the presence 
of increasing concentrations of the derivatives or different 
concentration of DMSO (maximum of 1 % as controls). 

The effect on the cells viability was tested by MTT (3- [4, 5- 
methylthiazol-2-yl]-2, 5-diphenyltetrazolium bromide) colorimet- 
ric method, based on the reduction of the tetrazolium dye to 
insoluble formazan by the mitochondrial enzymes [32]. Briefly, 
25^llofMTT(5mg.ml"') was added to each well, incubated for 
2 h at 37°C and centrifuged at 3000 rpm for 5 min. The 
supernatant was removed, the cells were washed in PBS, and 
the precipitated formazan was dissolved in DMSO (250 |ll). Cell 
viability was measured by absorbance at 530 nm on an ELISA 
plate reader (Synergy HT, Bio-TEK), and calculated using the 
following formula: [(L2/L1) x 100], where LI is the absorbance of 
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Figure 3. Effects of betulin (A) and betulinic acid (B) derivatives 

on Leishmania infantum promastigotes viability. Cultures of log- 
phase promastigotes (2x10^ cells. mT^) were incubated at 26"C for 
24 h at different drug concentrations. Values are expressed as means 
and SEM. 

doi:10.1371/journal.pone.0089939.g003 

control cells and L2 is the absorbance of treated cells. Three 
separate experiments were performed for each drug and the 
concentration that inhibited viability by 50% (IC50) was 
determined through dose-response regression analysis, plotted by 
GraphPad Prism 5. 

Isobologram construction and classification of the nature 
of drug interaction 

For the most active betulin and betulinic acid derivatives, 
combinations were made with them at growing concentrations and 
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Figure 4. Effects of combinations of betulin and betulinic acid derivatives with miitefosine on Leishmania infantum promastigotes 
viability. (A) Betulin derivative BT06; (B) Betulinic acid derivative AB1 3. Values are expressed as means and SEIVI. Cultures of log-phase promastigotes 
(2x10* cells.mT') were incubated at 26 'C for 24 h at different compound concentrations. 
doi:1 0.1 371 /journal.pone.0089939.g004 



miitefosine at fixed concentrations and cells viability was evaluated 
by MTT as described above. 

Classical isobolograms were constructed by plotting drugs 
concentrations (alone and in combination) that inhibits 50% 
trophozoites viability, as previously described [33]. The isobolo- 
gram analysis evaluates the nature of interaction of two drugs, i.e., 
drug A and drug B. First, the concentrations of drugs A and B 
required to produce a defined single-agent effect [e.g., IC50), when 
used as single agents, are placed on the x and y axes in a two- 
coordinate plot, corresponding to (CA, 0) and (0, GB), respectively. 
The line connecting these two points is the line of additivity. 
Second, the concentrations of the two drugs used in combination 
to provide the same effect, denoted as (cA, cB), are placed in the 
same plot. Synergy, additivity, or antagonism are indicated when 
(cA, cB) is located below, on, or above the hue, respectively. 



Morphological studies 

L. infantum promastigotes were exposed to the most active 
betulin and betulinic acid derivatives and the morphological 
alterations were investigated by optical microscopy using direct 
examination of live microorganism (hanging drop) and after 
Giemsa stain. Briefly, exponentially grown of L. infantum promas- 
tigote (2x10'' cells.ml"') were treated with BT06 and AB13 at 
IC50 concentrations for 2 h, 4 h, 6 h and 24 h at 26°C. After 
incubation, cells were pelleted by centrifugation at 3000 rpm for 
5 min and the supernatant was discarded by aspiration. The cell 
pellet was suspended in fresh medium and approximately 10 |lL 
was placed on a Koch slide and directiy observed under the optical 
microscope phase contrast (Eclipse E400, Nikon coupled with a 
digital camera 165 DNIOO Nikon). In addition, a smear was made 
which was submitted to Giemsa stain. The smear was fixed with 



Table 1. Inhibitory concentrations at 50% (IC50) of the association between betulin and acid betulinic derivatives (BT06, AB13) 
with miitefosine on Leishmania infantum promastigotes. 



Drug combination 




IC50 ^llvl (CD* 




BT06 




50.8 (46,9-55.0) 


0.85 




+miltefosine 2 |iM 


30.1 (27,2-33.4) 


0.94 




+miltefosine 4 \iM 


25.9 (20,1-33.3) 


0.81 


AB13 




25.8 (23,3-28.7) 


0.92 




+miltefosine 2 |iM 


7.6 (5,8-10.0) 


0.87 




+miltefosine 4 nM 


6.0 (5,3-6.7) 


0.93 


Miitefosine 




7.6 (6,6-8.8) 


0.93 



* CI, confidence interval at 95%. 
doi:l 0.1 371/journal.pone.0089939.t001 
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Figure 5. Comparison of the effects of combinations between BT06 and miltefosine with the effects of BT06 alone. Cultures of log- 
phase promastigotes (2x10^ cells.mr') were incubated at 26 'C for 24 h. Significance level of *p<0.05, **p<0.01 and ***p<0.001. 
doi:1 0.1 371 /journal.pone.0089939.g005 



methanol for 5 miii, stained with aqueous solution of Giemsa (1/ 
10, v/ v) for 1 0 min at room temperature and finally washed with 
water and air dried. The stained smear was observed under the 
microscope with a lOOx lens (Eclipse E400, coupled with Nikon 
digital camera, Nikon DNIOO 165). 

Cell cycle analysis 

For analysis of DNA content, exponentially grown of L. infantum 
(2x10''. ceUs ml"') were treated with BT06 and AB13 at IC50 
concentrations for 2 h, 4 h, 6 h and 24 h at 26°C. At each time 
point, cells were fixed in 200 \i\ of 70% ethanol for 30 min. at 4°C. 
After washing cells with 2 mL of PBS, enriched with 2% of bovine 
serum albumin (BSA), the pellets were suspended in 0.5 mL of PI 
solution (PI/Rnase, Immunostep) and incubated for 15 minutes at 
37°C [34]. Cells were then analyzed by flow cytometry 
(FacsCalibur-Beckton-Dickinson). Results were treated using 
ModFit LT V 2.0 programme. 



Phosphatidylserine extemalization 

Double staining for annexin V-FITC and propidium iodide (PI) 
was performed as described previously [35]. Briefly, L. infantum 
promastigotes (2x10'' cells. ml~') were exposed to BT06 and AB13 
at IC50 concentrations for 2 h, 4 h, 6 h, and 24 h at 26°C. Cells 
were then washed with PBS and ressuspendedn in binding buffer 
(10 mM HEPES-NaOH, pH 7.4, 140 NaCl, 2.5 mM CaCI2). 
To 100 |J,1 of this suspension were added 5 |J,1 of Annexin VFITC 
and 5 |Xl of PI (Annexin V-FITC Apoptosis detection Kit, 
Immmunostep). After 15 min incubation in the dark at room 
temperature, it was added 400 |J.l binding buffer and cells were 
analyzed by flow cytometry (FacsCalibur-Beckton-Dickinson). 
Data analysis was carried out using the program Paint-a-gate, and 
values are expressed as a percentage of positive cells for a given 
marker, relatively to the number of cells analyzed. 
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Figure 6. Comparison of the effects of combinations between AB13 and miltefosine with the effects of AB13 alone. Cultures of log- 
phase promastigotes (2x10^ cells. mT') were incubated at 26"C for 24 h. Significance level of *p<0.05, **p<0.01 and ***p<0.001. 
doi:1 0.1 371/journal.pone.0089939.g006 
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Figure 7. Isobologram analysis for the combinations between BT06 and miltefosine (A) and AB13 and miltefosine (B). Tine line 
indicates synergy, additivity or antagonism when the points are located below, on or above the line, respectively, (a) derivative and 2 |j,IVI miltefosine; 
(b) derivative and 4 |j,IVI miltefosine; (c) derivative and 6 \iM miltefosine. 
doi:10.1371/journal.pone.0089939.g007 

DNA fragmentation assay derivatives or to dissolution vehicle (DMSO), and incubated at 

Promastigotes of i. infantum (2x10*^ cells.ml" ') were exposed to 26°C for 24 hours. The Leishmania DNA extraction was carried out 
IC50 concentration of the most active betulin and betulinic acid according to the procedure in DNeasy Blood & Tissue (Qiagen). 




Figure 8. Optical microscopy observation of Leishmania infantum promastigotes in the absence and presence of the betulinic acid 
derivative AB13. Hanging dropin phase contrast (A, B, magnification 200 x) and Giemsa staining (C, D, magnification lOOOx). Control cells 
incubated with DIVISO at 26X for 24 h (A, C). Cells exposed to the AB13 derivative at 26 'C for 24 h (B, D). 
doi:1 0.1 371/journal.pone.0089939.g008 
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DNA integrity analysis was done by electrophoresis, running DNA 
through an EtBr-treated agarose gel and visualizing it with UV 
light. 



X 

IV 

c 
c 
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Mammalian cell cytotoxicity 

For cytotoxicity assays on mammalian cells, log phase of 
macrophages (RAW 264.7) were trypsinized and incubated at 
37°C in 24-well tissue culture plates in Dulbecco's Modified Eagle 
Medium (DMEM), enriched with Glutamax and supplemented 
with 10% fetal bovine serum (FBS), under microaerophilic 
condition. As soon as the monolayers reached confluence, the 
medium was removed and the cells were incubated at 37°C for 
24 h with fresh medium plus the betulin or betulinic acid 
derivatives at ICso concentrations. After incubation, control and 
treated cells were washed with PBS, pH 7.2., and 450 |J,1 of PBS 
and 50 pi MTT solution (5 mg.ml ') were added to each well and 
incubated at 37°C for 1 h. The cells were then washed with PBS, 
500 [il DMSO was added to the wells and absorbance was 
measured at 530 nm on an ELISA plate reader (Synergy HT, Bio- 
TEK). The percentage of viable cells was determined as described 
on viability assay. 



Statistical analysis 

All experiments were performed in triplicate. The mean and 
standard deviation (SEM) of three independent assays were 
determined and statistical analysis between mean values was done 
by ANOVA test, with a Dunnett's post-test. The significance level 
was *p<0.05, **p<0.01 and ***p<0.001. 



^ ^ o 
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Results and Discussion 

This study considers the biological potential of the betulin and 
betulinic acid derivatives, and is armed at the evaluation of the 
anti-Leishmania activity of 1 6 synthetic derivatives of betulin (BTO 1 
to BT09) and betulinic acid (ABIO to AB16). This is foUowed by a 
study of the association of the most active derivatives with 
mUtefosine, a drug used in the treatment of leishmaniasis. The 
activity of the derivatives on L. infantum was assessed by cell 
viability studies. At the highest concentrations, all nine betulin 
derivatives inhibit promastigote viability (Figure 3A). Generally, 
the results showed that modifications at C-20 (compounds BT06 
and BT07, Figure 1) and at C-30 (compound BT05, Figure 1) have 
a positive impact on the anti-leishmanial activity of betulin 
derivatives. The introduction of a carbamate moiety at C-28 in the 
C-3 substituted derivative BT02 (Figure 1) afforded compound 
BT03 with lower anti-leishmanial activity (Figure 3A). The betulin 
derivative BT06 (3P-Hydroxy-(20R)-lupan-29-oxo-28-yl-lH-imid- 
azole-l-carboxylate) was found to be the most effective, with an 
IC50 of 50.8 |J,M. The other derivatives did not inhibit the growth 
of L. infantum by 50% at the highest concentration tested (100 nM). 

Of the seven betulinic acid derivatives (Figure 3B), the most 
active compound was AB13 (28-(lH-imidazole-l-yl)-3,28-dioxo- 
lup-l,20(29)-dien-2-yl-lH-imidazole-l-carboxylate), with an IC50 
of 25.8 |.lM. The remaining betulinic acid derivatives were not 
able to inhibit viability of L. infantum by 50% at the highest 
concentrations tested (100 |J.M), however, compounds AB14 with 
an a,P-unsaturated keto group at ring A (Figure 2), AB15 and 
ABl 1 with a keto group and carbamate moiety at C-3 (Figure 2), 
respectively, showed moderate anti-leishmanial activity. The 
introduction of the imidazole and methyl esther at C-28 in 
compounds ABl 2 and ABl 6 (Figure 2) respectively, reduce the 
anti-leishmanial activity (Figure 3B), when compared with 
derivative ABll bearing a free carboxylic acid at C-28 position 
(Figure 2). 
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Figure 9. Representative cell cycle histograms of Leishmania infantum, Promastigotes were incubated at 26X for 24 h in the absence (A and 
C) or presence of betulin derivative BT06 (B) and betulinic acid derivative AB13 (D) at IC50 concentrations. Propidium iodide staining was performed 
and samples were analyzed by flow cytometry. 
doi:1 0.1 371 /journal.pone.0089939.g009 



The best activity of AB13 compound, is consistent with 
published results that report a higher biological activity of 
betulinic acid derivatives compared with betulin ones [19,31]. 
The superior anti-Leishmania activity of the AB 1 3 derivative could 
be associated with the higher capacity as a Michael acceptor of this 
derivative. Considering the Michael addition reaction and 
according to Sporn and collaborators [36], one possible biological 
mechanism of action of AB 1 3 may be related to the nucleophUic 
attack from thiol groups of reduced glutathione or other 
physiological nucleophiles, including amine nucleophUes, to the 
a-P-unsaturated-keto group (CI in ring A) (Figure 2). 

The interpretation of results and comparisons between drug 
activity studies need to take into account the Leishmania species and 
the parasite model cells, i.e., promastigotes or amastigotes. There 
are only a few reports on the activity of betulin and betulinic acid 



derivatives in Leishmania donovani amastigotes (IC5Q values of 8.9 to 
30 |J,M) [27] and on promastigotes of L. amazonensis (IC50 of 
44.9 |xM to 69.9 ^M) [28]. Comparing these with the present 
data, we observe that BT06 and AB13 derivatives show 
antileishmanial activity that is similar or higher than that described 
for the other triterpenoids. In addition, as well as being active 
against promastigote cells, BT06 and AB 1 3 are expected to exhibit 
stronger activity on amastigote forms, as tends to be found among 
natural extracts and synthetic drugs [37-41]. 

It is important in the discovery of new drugs that a molecule 
with SLnii-Leishmania activity does not impart significant toxicity to 
the host cells. In this study, we have evaluated the toxicity of the 
most active derivatives in a macrophage cell line (RAW 264.7). We 
found that BT06 and AB13 derivatives, at IC50 concentrations, 
were not cytotoxic toward the macrophage cell line, suggesting 
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that they are safe for mammahan cells. Therefore, the two 
triterpenoides are promising compounds for the discovery of new 
drugs against Leishmania infections. 

For each of the two most active derivatives (BT06 and AB 1 3), 
three different combinations at fixed concentrations of miltefosine 
(2, 4 and 8 |xM) were tested. Dose-response curves showed that the 
combinations of BT06/miltefosine and AB 13 /miltefosine were 
more effective at reducing the viability of promastigotes relative to 
the derivatives alone (Figure 4). The IC50 values obtained for all 
the tested combinations were less than the values obtained for the 
pure derivatives (Table 1). The combination of the betulin 
derivative BT06 with miltefosine at 2 |a.M and 4 |j,M induced 
decreases of the ICsq value from 50,8 to 30,1 |J.M and 
25,9 |iM, respectively. The combination of the betulinic acid 
derivative AB13 with miltefosine at 2 [iM and 4 |a,M induced 
decreases of the ICsq value from 25,8 \iM to 7,6 |J.M and 6,0 |xM, 
respectively. 

The statistical differences between the effects of the combina- 
tions of the derivatives BT06 and AB 1 3 with miltefosine and the 
effects of the derivatives alone were analyzed. The combinations 
between BT06 and miltefosine (Figure 5) induced a significant 
reduction (p<0.05, p<0.01 and p<0.001) on promastigote 
viability relative to the BT06 activity, except for the combination 
BT06 10 |XM with miltefosine 2 |iM. The association ABB and 
miltefosine is most effective, with high statistical significance (p< 
0.01 and p<0.001) in all combinations when compared with the 
effects of the derivative alone (Figure 6). Isobolographic analysis 
showed that all the interactions of AB13 and BT06 with 
miltefosine were synergistic, with experimental values (a, b, c) 
below the theoretical IC50 values (line of additivity) (Figure 7). The 
advantages of combination therapy include increased effectiveness 
of the drug, reduced dosage, decreased toxicity and a delay or 
prevention of the onset of drug resistance [3]. The derivatives 
show a synergistic association with miltefosine, therefore they 
could be promising molecules for the development of new 
combination therapies for leishmaniasis. 

In this work, we have also looked at the mechanisms of action 
responsible for the biological activity in Leishmania of the most 
active betulin and betulinic acid derivatives (BT06 and AB13). 
The effects on morphology, apoptosis/necrosis events, DNA 
integrity and cell cycle were studied. The morphological modifi- 
cations were evaluated by optical microscopy using direct 
examination of live microorganism (hanging drop) and after 
Giemsa stain. Control cells were very mobile with the character- 
istic fusiform shape (Figure 8A), while after Giemsa staining it was 
possible to observe the characteristic shape, long flagellum 
emerging from the anterior region of the parasite, nucleus and 
kinetoplast, posterior to the nucleus (Figure 8C). With the BT06 
derivative, no significant morphologic alterations were observed 
(not shown). However, the promastigotes exposed to AB13 
suffered significant morphological changes (Figure 8 B,D) com- 
pared with the control. These cells showed a marked decrease in 
mobility, and it was possible to observe changes in the size and 
shape of the promastigotes, which become smaller and rounder 
(Figure 8B). The Giemsa stained promastigotes also show 
alterations in flagellum size (Figure 8D). These effects suggest that 
the leishmanicidal activity of the AB13 derivative may be 
associated with changes in the cytoskeletal organization and 
function, and modification of the activity of mitochondrial 
bioenergetics. 

Cell death by apoptosis/necrosis was assessed by flow cytometry 
using Annexiii V/PI labeling and the study of the DNA integrity. 
During early apoptosis, phosfatidUserine (PS) is translocated from 
the cytoplasmic face of the plasma membrane to the external face. 
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which can be detected using Annexin V. To distinguish apoptotic 
cell death from necrotic cell death, cells were counterstained with 
PI, a non-permeable stain with an affinity for nucleic acids, as it 
selectively enters necrotic cells. Therefore, co-staining of annexin 
V and PI can differentiate between cells undergoing early 
apoptosis (annexin V^/PI ), necrosis or late apoptosis (PI"*"/ 
annexin V~) and Kve cells (PI~/annexin V~). The Ldshmania 
promastigote cells treated during 24 hours with BT06 and AB13 
did not show significant differences in annexine V and PI staining 
compared with the respective controls (Table 2). 

The cell cycle analysis was performed by flow cytometry after PI 
staining of the parasites incubated with betulin derivative BT06 
and betulinic acid derivative AB13 for 24 h at IC51) concentrations 
(Table 3). Figure 9 shows the distribution of cell DNA trough cell 
cycle of parasites in the absence and presence of the BT06 and 
AB13. After 24 h of incubation, the majority of treated parasite 
cells were on GO/Gl phase of cell cycle (BT06, 67.7%; AB13, 
81.2%), which is the opposite of what occurs in non-treated cells 
(44.2% and 48%, respectively). Both derivatives promoted 
retention of L. infantum promastigotes in the GO/Gl phase of the 
cell cycle, suggesting an arrest at this stage of the cycle. We 
observed a marked reduction in DNA replication and mitosis, with 
a decrease in the number of cells in G2/M phase and S phase 
mainly with the derivative AB13. Inhibition of L. infantum 
promastigote proliferation seems to represent a major mechanism 
of activity of derivatives BT06 and AB13. 

It was reported that dihydrobetuUnic acid (DHBA), a derivative 
of betulinic acid, is an excellent inhibitor of Ldshmania DNA 

References 

1. WHO (2010) Control of the leishmaniases. World Health Organization 
technical reportseries (949): xii-xiii, 1-186. 

2. Croft SL, Barrett MP, UrbinaJA (2005) Cheniotherapy of trypanosomiases and 
leishmaniasis. Trends Parasitol 21(11); 508-512. 

3. Croft SL, Sundar S, Fairlamb AH (2006) Drug Resistance in Leishmaniasis. Clin 
Microbiol Rev 19(1): 111-126. 

4. Kappagoda S, Singh U, Blackburn B(J (2011) Antiparasitic therapy. Mayo Clin 
Proc 86(6): 561- 58.S. 

5. Guerin PJ, OUiaro P, Sundar S, Boclaert M, Croft SL, et al. (2002) Visceral 
leishmaniasis: current status of control, diagnosis, and treatment, and a proposed 
research and development agenda. Lancet Infect Dis 2(8): 494—501. 

6. Gazanion E, Vergnes B, Seveno M, Garcia D, Oury B, et ah (2011) In vitro 
activity of nicotinamide/antileishmanial drug combinations. Parasitol Int 60(1): 
19-24. 

7. Sundar S, Sinha PK, Rai M, Verma DK, Nawin K, et al. (201 1). Comparison of 
short-course multidrug treatment with standard therapy for visceral leishman- 
iasis in India: an open-label, noninferiority, randomised controlled trial. Lancet 

377(9764): 477-486. 

8. Fuertes MA, Nguewa PA, Castilla J, Alonso C, Perez |M (2008; .\nlicaneer 
compounds as leishmanicidal drugs: challenges in chemotherapy and future 
perspectives. Curr Med Chem 15:433-439. 

9. Lee N, Bertholet S, Debrabant A, MuUer J, Duncan R, et al. (2002) 
Programmed cell death in the unicellular protozoan parasite Leishmania. Cell 
Deadi Diiifcr 9(1): 53-64. 

10. van Zandbergen G, Liider CGK, Heussler V, Duszenko M (2010) Programmed 
cell death in unicellular parasites: a prerequisite for sustained infection? Trends 
in Parasitology 26(10): 477-483. 

11. Moreira W, Leprohon P, Ouellette M (2011) Tolerance to drug-induced cell 
death favours the acquisition of multidrug resistance in Leishmama. Cell Death 
Dis l;2:e201. doi: 10.1038/cddis.201 1 .83. 

12. Sereno D, HolzmuUer P, Mangot 1, Cuny G, Ouaissi A, et al. (2001) Antimonial- 
mediated DNA fragmentation in Leuhmania infantum amast^^otes. Antimicrob 
Agents Chcmodier 45(7): 2064-2069. 

13. Carvalho L, Luque-Ortega JR, Lopez-Martin C, Castanys S, Rivas L, et al. 
(2011) The 8-aminoquinoline analogue sitamaquine causes oxidative stress in 
Leishmania donovani promastigotes by targeting succinate dehydrogenase. Anti- 
microb Agents Chemother 55(9); 4204-^210. 

14. Sen N, Das BB, Ganguly A, Mukherjee T, Tripathi G, et al. (2004) 
Camptothecin induced mitochondrial dysfunction leading to programmed cell 
death in unicellular hemoflagellate Leishmania {/mcvani. Cell Death Differ 1 1:924— 
936. 

15. Prada CF, Alvarez- Vehlla R, Balana-Fouce R, Prieto C, Calvo-Alvarez E, et al. 
(2013) Gimatecan and other camptothecin derivatives poison Leishmania DNA- 



topoisomerase I and II and induces apoptosis in L. donovani [42]. 
More recentiy, it was shown that three betuHn derivatives 
(disuccinyl betulin, diglutaryl dihydrobetulin, and disuccinyl 
dihydrobetulin) inhibit both growth of Leishmania donovani, and 
relaxation activity of the enzyme type IB topoisomerase of the 
parasite (topoisomerase I; LdTOPlLS) [43]. Considering these 
potential therapeutic targets in Leishmania and based on our results, 
we suggest that Leishmania DNA topoisomerases could be a 
potential target for BT06 and AB13 derivatives. This hypothesis is 
also supported in the previous antiproliferative activity of AB 1 3 
and BT06 derivatives on cancer cell lines and on their inhibitory 
proprieties on DNA topoisomerase [29-31]. 

In conclusion, the betulin derivative BT06 and betulinic acid 
derivative AB 1 3 are promising lead compounds which can be used 
in the discovery of new therapies for Leishmania infections, 
including multidrug treatment schedules with miltefosine. 

Acknowledgments 

Authors are grateful to Jose Correia da Costa from Centro de Imunologia e 
Biologia Parasitaria, Institute Nacional Dr. Ricardo Jorge, Porto for 
supplying the culture ot Leishmania infantum Nicolle (zymodeme MON-1). 

Author Contributions 

Conceived and designed the experiments: MCS JARS. Performed the 
experiments: MCS RCS RV VA. Analyzed the data: MCS VA JARS. 
Contributed reagents/materials/analysis tools: MCS MSR JARS. Wrote 
the paper: MCS RV. 



topoisomerase IB leading to a strong leishmanicidal effect. Biochem Pharmacol 
85(10): 1433-40. 

16. Croft SL, Coombs GH (2003) Leishmaniasis— current chemotherapy and recent 
advances in the search tor novel drugs. Trends Parasitol 19(11): 502—508. 

17. Paris C, Loiseau PM, Bories C, BreardJ (2004) Miltefosine induces apoptosis- 
like death in Leishmania donovani promastigotes. Antimicrob Agents Chemother 

48(3): 852-959. 

18. Baglin 1, Mitaine-Ofier AC, Nour M, Tan K, Cave C, et al. (2003) ,\ review of 
natural and modilied betulinic, ursolic and echinocystic acid derivatives as 
potential antitumor and anti-HIV agents. Mini Rev Med Chem 3(6); 525-539. 

19. Alakurtti S, Makela T, Koskimies S, Yli-Kauhaluoma J (2006) Pharmacological 
properties of the ubiquitous natural product betulin. Eur J Pharm Sci 29(1): 1— 
13. 

20. Mukherjee R, Kumar V, Srivastava SK, Agarwal SK, Burman AC (2006) 
Bclulinic acid deri\ali\es as aniicanrer agents: structure activity relationship 
Anticancer .\gents Med Chem 6(3): 271-9. 

21. Ryu SY, Oak MH, Yoon SK, Cho Dl, Yoo GS, et al. (2000) ,\nti-allcrgic and 
anti-inflammatory tritcrpenes from the herb of Prunella vulgaris. Planta Med 
66:3.58-360. 

22. RajuGautam S, Jachak M (2009) Recent Developments in Infammatory Natural 
Products. Med Res Rev 29(5): 767-820. 

23. Cichewicz RH, Kouzi SA (2004) Chemistry, biological activity, and chemo- 
therapeutic potential of betulinic acid for the prevention and treatment of cancer 
and HIV infection. Med Res Rev 24:90-1 1. 

24. Xiong J, Kashiwada Y, Chen CH, Qian K, Morris-Natschke SL, et al. (2010) 
Conjugates of betulin derivatives with AZ T as potent anti-HIV agents. Bioorg 
Med Chem 18(17): 6451-69. doi: 10.1016/j.bmc.2010.06.092. 

25. Yogeeswari P, Sriram D (2005) Betulinic acid and its derivatives; a review on 
their biological properties. Curr Med Chem 12(6); 657-66. 

26. Filho AAS, Resende DO, Fukui MJ, Santos FF, Pauletti PM, et al. (2009) In 
vitro antileishmanial, antiplasmodial and cytotoxic activities of phenolics and 
triterpenoids from Bacchaiis dracunculifolia D. C. (Asteraceae). Fitoterapia 80(8): 
478-482. 

27. Alakurtti S, Heiska T, Kiriazis A, Sacerdoti-Sierra N, Jaffe CL, et al. (2010) 
Synthesis and anti-leishmanial activity of heterocychc betulin derivatives. Bioorg 
Med Chem 18(4): 1573-1582. 

28. Dominguez-Carmona DB, Escalante-Erosa F, Garcia-Sosa K, Ruiz-Pinell G, 
Gutierrez- Yapu D, et al. (2010) Antiprotozoal activity of betulinic acid 
derivatives. Phytomedicine 17(5): 379-82. 

29. Santos RC, Salvador JAR, Marin S, Cascante M (2009) Novel semisynthetic 
derivatives of betulin and betulinic acid with cytotoxic activity. Bioorg Med 
Chem 17(17): 6241-6250. 

30. Santos RC, Salvador JAR, Cortes R, Pachon G, Marin S, et al. (2011) New 
betulinic acid derivatives induce potent and selective antiproliferative activity 



PLCS ONE I www.plosone.org 



11 



March 2014 | Volume 9 | Issue 3 | e89939 



Antileishmanial Activity of Triterpenoids 



through cell cycle arrest at the S phase and caspase dependent apoptosis in 
human cancer cells. Biochimie 93(6):1065— 1075. 

31. Santos RC, Salvador JAR, Marin S, Cascante M, MoreiraJN, et al. (2010). 
Synthesis and structure-activity relationship study of novel cytotoxic carbamate 
and N-acylheterocyclic bearing derivatives of betuhn and betulinic acid. Bioorg 
Med Chem 18(12): 4385^396. 

32. Denizot F, Lang R (1986) Rapid eolorimetric assay for cell growth and 
survival. Modifications to the letrazolium dye procedure giving improved 
sensitivity and reliability'. J Immunol Methods 89(2): 271—277. 

33. Wagenpi'eil S, I'reiber U, Lehmer A (2006) Statistical analysis of combined dose 
effects for experiments with two agents. Artif Intell Med 37(1): 65—71. 

34. Darzynldewicz Z,Juan G, Bedner E (2001) Determining cell cycle stages by flow 
cytometry. New York: Curr. Protoc. Cell Biol. Chapter 8:Unit 8.4. doi: 
10. 1002/0471 143030.cb0804s0 1 

35. Vermes I, Haanen C, Steffens-Nakkcn H, Reutclingsperger CA (1995) Novel 
assay for apoptosis. Flow cytometric detection of phosphatidylserine expression 
on early apoptotic cells using fluorescein labelled Annexin V. J Immunol 
Methods 184:39-51. 

36. Sporn MB, Liby KT, Yore MM, Fu L, Lopehuk JM, et al. (20 1 1) New Synthetic 
Triterpenoids: Potent Agents for Prevention and Treatment of Tissue Injury 
Caused by Inflammatory and Oxidative Stress. J Nat Prod 74(3): 537-545. 

37. Dutta A, Ghoshal A, Mandal D, Mondal NB, Banerjee S, et al. (2007) 
Racemoside A, an anti-leishmanial, water-soluble, natural steroidal saponin, 



induces programmed cell death in Leishmania donovani] Med Microbio 56:1 196— 
1204. 

38. Nakayama H, Desrivot J, Bories C, Franck X, Figad^re B, et al. (2007) In vitro 
and in vivo antileishmanial efficacy of a new nitrilquinoline against Leishmama 
donovani. Biomed Pharmacother 61:186-8. 

39. Lakshmi V, Pandey K, Kapil A, Singh N, Samant M, et al.(2007) In vitro and in 
vivo leishmanicidal activity of Dysoxplum binectanfemm and its fractions against 
Leishmama donovani, Phytomedicine 14:36—42. 

40. Santin MR, Dos Santos AO, Nakamura CV, Dias Filho BP, Ferreira IC, et al. 
(2009) In vitro activity of the essential oil of (/ymhopogon citratus and its major 
component (citral) on Leishmama amazonensis. Parasitol Res 105:1489—96. 

41. Vermeersch M, da Luz Rl, Tote K, Timmermans JP, Cos P, et al. (2009) In 
vitro susceptibilities ol' Leishmama donovani promastigotc and amastigote stages to 
antileishmanial reference drugs: practical relevance of stage-specific differences. 
Antimicrob Agents Chemother 53(9):3855-9. 

42. Chowdhury AR, Mandal S, (ioswami A, Ghosh M, Mandal L, et al. (2003) 
Dihydrobetulinic acid induces apoptosis in Leishmania donovani by targeting DNA 
topoisomerase I and II: imphcations in antileishmanial therapy. Mol Med 9:26- 
36. 

43. Chowdhury S, Mukherjee T, Sengupta S, Chowdhurv SR, Mukhopadhvay S, et 
al. (2011) Novel Betulin Derivatives as Antileishmanial Agents with Mode of 
Action Targeting Type IB DNA Topoisomerase. Mol Pharmacol 80:694—703. 



PLCS ONE I www.plosone.org 



12 



March 2014 | Volume 9 | Issue 3 | e89939 



